A 24 triplet TGG·CCA repeat array shows length-and orientation-dependent propagation when present in the plasmid pUC18. When TGG 24 is present as template for leading-strand synthesis, plasmid recovery is normal in all strains tested. However, when it acts as template for lagging-strand synthesis, plasmid propagation is seriously compromised. Plasmids carrying deletions in the 5′ side of this sequence can be isolated and products carrying 15 TGG triplets do not significantly interfere with plasmid propagation. Mutations in sbcCD, mutS and recA significantly improve the recovery of plasmids with TGG 24 on the lagging-strand template. These findings suggest that TGG 24 can fold into a structure that can interfere with DNA replication in vivo but that TGG 15 cannot. Furthermore, since the presence of the MutS and SbcCD proteins are required for propagation interference, it is likely that stabilisation of mismatched base pairs and secondary structure cleavage are implicated. In contrast, there is no correlation of triplet repeat expansion and deletion instability with predicted DNA folding. These results argue for a dissociation of the factors affecting DNA fragility from those affecting trinucleotide repeat expansion-contraction instability.
INTRODUCTION
Non-random DNA sequences have the potential to adopt a number of unusual secondary structures that may interfere with DNA synthesis and/or cause instability. Palindromic sequences and some tandem repeats can form hairpins and pseudo-hairpins, oligopurine-oligopyrimidine sequences can form triplex h-DNA, alternating pyrimidine-purine sequences may form left-handed z-DNA, and G-rich sequences may form quadruplex structures. The processing of such folding anomalies in Escherichia coli has recently been reviewed (1) .
The protein with a central role in processing folded DNA in E.coli is SbcCD. This is a nuclease that has been shown to cleave hairpin DNA in vitro (2) and to generate double-strand breaks at sites of palindromic DNA in vivo (3) . These doublestrand breaks can be repaired by homologous recombination with the sister chromosome (3, 4) but can also lead to inhibition of replication if cleavage outstrips the ability of the cell to repair breaks (5, 6) . The eukaryotic homologues of SbcCD are known as Rad50/Mre11 (7). The eukaryotic complex, which includes the Xrs2/NbsI gene products, plays a central role in the response to double-strand breaks, and in double-strand break formation in yeast meiosis (8, 9) . In Saccharomyces cerevisiae the protein has been implicated in meiotic doublestrand break formation and processing (10) (11) (12) , mitotic homologous recombination (for discussion, see 13) , non-homologous end-joining and telomere maintenance (14) (15) (16) (17) (18) (19) . Biochemical investigation of the human complex (hRad50/hMre11) has revealed a hairpin cleavage activity reminiscent of that observed for SbcCD (20, 21) .
The MutS protein is the key component of the methyldirected mismatch repair system of E.coli which can recognise and bind to mismatched base pairs (22) . Following this binding, MutL binds the MutS-DNA complex and allows MutH to nick a DNA strand at a hemi-methylated GATC site to initiate repair. In eukaryotes, two mismatch repair complexes exist that include MutS and MutL homologues, and it has been proposed that strand discrimination is accomplished by recognition of discontinuities that exist on the newly synthesised DNA strand (23) .
Trinucleotide repeats are unstable and expansions of CAG·CTG, GAA·TTC and CGG·CCG repeats at particular chromosomal locations have been shown to cause at least 12 human genetic diseases (24) . Furthermore, CGG·CCG repeats are responsible for folate-sensitive fragile sites (25) . The mechanisms of instability are not yet understood but one of the arguments commonly raised is that non-B secondary structures lead to aberrant DNA replication or recombination that gives rise to instability (26) . XGG repeats (CGG, AGG and TGG) have been shown to fold into various intrastrand and interstrand DNA secondary structures, including pseudohairpins, triplexes and quadruplexes (27 and references therein). CGG repeats can form both hairpins and quadruplexes under conditions where AGG and TGG repeats form only quadruplexes (27) . Pause sites for DNA synthesis in vitro suggest that AGG repeats can also form intrastrand triplex structures (27) and these triplexes can be induced or stabilised by the binding of HMG protein (28) (29) (30) (31) (32) (33) . Although CGG is a disease-associated repeat, AGG and TGG repeats are not currently known to be associated with any trinucleotide expansion diseases. Nevertheless, XGG sequences are likely to share biological properties.
In this work, we have shown that when a TGG 24 strand serves as the template for lagging-strand synthesis, plasmid *To whom correspondence should be addressed. Tel: +44 131 650 5373; Fax: +44 131 650 8650; Email: d.leach@ed.ac.uk propagation is prevented in the presence of mutS and sbcCD gene products. We argue that this is caused by MutS binding to mismatches formed in the folding of the TGG-repeat strand and by cleavage of the folded structure by the SbcCD nuclease. In mutS or sbcCD mutants a mutation in recA further facilitates plasmid replication and reduces the frequency of large deletions, suggesting that RecA protein may also play a role in preventing plasmid replication or in promoting deletions into flanking DNA. In contrast, small-scale expansions and deletions of triplet repeats are not significantly affected by the potential for secondary structure formation and we argue that these results suggest a dissociation between the requirements for repeated DNA to act as a fragile site and for expansioncontraction instability within the trinucleotide repeat array.
MATERIALS AND METHODS

Bacterial strains
The bacterial strains used are listed in Table 1 .
Plasmids
The plasmids used were derivatives of pUC18 (34) . The plasmid pCCA 24 with the sequence (CCA) 24 (on the lagging strand) cloned in the EcoRI site of pUC18 plasmid was obtained from C. Abbott (University of Edinburgh). Inversion of the trinucleotide repeat array to generate plasmid pTGG 24 was performed by cleavage with EcoRI followed by ligation.
Enzymes, antibiotics and biochemicals
EcoRI and PstI were purchased from Promega (Madison, WI), T4 DNA ligase from New England Biolabs (Beverly, MA), ampicillin from Boehringer Mannheim (East Sussex, UK).
Media and bacterial cultivation
Luria-Bertani (LB) broth was used and ampicillin was added at a concentration of 100 µg/ml. Cultivation of cells was at 37°C. Transformation was carried out by the CaCl 2 method (35) . Transduction was performed as described by Sambrook et al. (35) .
Isolation of plasmid DNAs and agarose gel electrophoresis
Plasmid DNA was prepared using the method and kit provided by Qiagen (West Sussex, UK). DNA cycle-sequencing was performed using a kit from PE Applied Biosystems (Warrington, UK). Agarose gel electrophoresis was on 0.8% gels (Flowgen, Staffordshire, UK).
Examination of the repeat tract instability
Populations of plasmids were examined using the method of Schmidt et al. (36) . Briefly, monomeric plasmid DNA was used to transform E.coli strains of interest and plasmid DNA prepared from a population of transformants. Cells from approximately 500 primary transformants were harvested in 5 ml LB broth and 50 µl of this suspension was diluted into 5 ml LB broth and grown for 24 h. This corresponds to approximately 30 generations of cell growth. Plasmid DNA was isolated and cleaved with EcoRI. The fragments were endlabelled with [ 35 S]dATP using DNA polymerase I Klenow fragment and resolved on 5% native polyacrylamide gels. Bands were visualised using either X-ray film or a Molecular Dynamics PhosphorImager.
RESULTS
Orientation-dependent propagation of TGG·CCA repeats: implication of mutS and recA
To investigate the propagation and instability of TGG·CCA repeats in E.coli, we constructed the two orientations of this trinucleotide repeat array at the EcoRI site of the plasmid pUC18 (see Materials and Methods). When rec + or recA mutant cells were transformed with each of the plasmids, a difference in behaviour was immediately obvious. Plasmids with the TGG repeat on the lagging-strand template gave rise to variable sized colonies ranging from normal to small. In contrast, plasmids with the CCA repeat on the lagging-strand template were all of an approximately uniform normal size. In order to investigate the basis of this difference, plasmid DNA was prepared from overnight cultures derived from small and normal sized colonies and analysed by agarose gel electrophoresis. As can be seen in Figure 1A , DNA of plasmids containing the CCA repeat on the lagging-strand template was easily prepared. However, DNA from the colonies with the TGG repeat on the lagging-strand template was barely visible even from cultures derived from normal sized colonies. This suggested that plasmid propagation was seriously compromised by the TGG repeat on the lagging-strand template. In order to determine whether the presence of MutS might influence this orientation-dependent propagation, transformations of mutS and mutS recA strains were performed and DNA was isolated as before. The mutS strain still revealed variable colony size when the TGG repeat was the template for the lagging strand, but the mutS recA strain gave rise to only normal sized colonies. DNA analysis revealed that some improved recovery of DNA from the normal sized colonies could be obtained in the mutS host and that normal recovery was possible from the mutS recA strain. (43) To confirm that the inability to isolate DNA was caused by plasmid loss during propagation, DNA was prepared from pooled colonies taken directly from the initial transformation plates. Since selection for ampicillin resistance is good on plates it was expected that recovery of plasmid would be significantly improved compared to the analysis of overnight cultures shown in Figure 1A . This suspension of pooled colonies was also diluted 100-fold into broth and grown for 24 h in liquid and DNA prepared again. This period of growth in liquid was expected to allow plasmid loss after exhaustion of the ampicillin present initially. As shown in Figure 1B the mutS mutation reduces plasmid loss relative to mut + . Furthermore, a mutL mutation does not prevent plasmid loss suggesting that the effect of mutS is not caused by a deficiency in mismatch repair but is due to an absence of the MutS.
In order to further quantify the inhibition of propagation of the plasmids with the TGG sequence on the template for the lagging strand, colonies obtained after transformation were inoculated into broth and grown overnight. They were then plated in the presence and absence of ampicillin. This test is sensitive to differences in propagation stability between very unstable situations but does not measure instability at the more stable end of the spectrum. This is because a >100-fold lowering of plasmid copy number is needed before this form of segregational instability comes into play over a short period of cultivation, and long periods of cultivation could not be used because of selection for repeat array deletion. The mut + rec + strain JM83 showed extreme propagation instability with 79% plasmid-free cells arising. The recA derivative showed 35% loss, the mutL strain showed 40% loss whereas the mutS and the mutS recA strains showed no significant loss. All these values represent the average of five cultures. Assuming a Poisson distribution of plasmids per cell, the wild-type situation represents a copy number of 0.2, recA a copy number of 1.0, mutL a copy number of 0.9 and mutS (and mutS recA) a copy number between 3 and infinity (but not measurable by this method).
Orientation-dependent propagation of TGG·CCA repeats: implication of sbcCD
In order to test whether the SbcCD nuclease was implicated in preventing the propagation of TGG repeats on the laggingstrand template, transformation of sbcCD mutant cells was carried out. As can be seen in Figure 2A , plasmid DNA was recovered from sbcCD and recA sbcCD mutants irrespective of the orientation of the TGG·CCA repeat tract. As observed previously, plasmids with the TGG repeats on the laggingstrand template were not well recovered from rec + and recA strains. As expected from these results, and those presented in Figure 1 , plasmid DNA was recovered in both orientations from an sbcCD mutS double mutant (Fig. 2B) . This is consistent with the fact that the plasmid containing these repeats was initially obtained with the TGG repeats on the leading-strand template and that inversion of the repeat tract generated a clone producing very little DNA in wild-type cells (see Materials and Methods).
To test for the loss of plasmids during propagation in liquid, DNA prepared from pooled colonies, taken directly from the initial transformation plates, was compared to DNA prepared after 24 h cultivation in liquid. It can be seen in Figure 2C that plasmid DNA was recovered from sbcCD, sbcCD recA and sbcCD mutS strains but not from rec + mut + cells.
Propagation stability was confirmed by plating overnight cultures on media with and without ampicillin. As with the mutS strain no propagation instability was detected for either the sbcCD or sbcCD recA strains suggesting (as for mutS) a copy number of between 3 and infinity but not measurable by this method.
Length-dependent propagation of TGG·CCA repeats
A plasmid containing 15 TGG·CCA repeats with the TGG sequence on the lagging-strand template was isolated as a spontaneous deletion product in the mut + rec + sbcCD + strain JM83. This plasmid was used to re-transform JM83 to test whether this shorter length of repeat could be propagated in the presence of MutS, RecA and SbcCD. As shown in Figure 3 , DNA of this plasmid could be recovered in this strain. This argues that a threshold for stable structure formation recognised by SbcCD in the presence of MutS protein occurs between 15 and 24 triplets. Sequencing of the repeat array revealed that the deletion that had generated the shorter repeat array had eliminated the EcoRI site on the 5′ side of the TGG sequence (on the template for lagging strand). This is 24 recovered from a pool of~500-700 colonies of mutL (DL916); lane 2, pTGG 24 recovered from 24 h cultivation in liquid of mutL pooled colonies; lane 3, pTGG 24 recovered from a pool of~500-700 colonies of mutS (DL902); lane 4, pTGG 24 recovered from 24 h cultivation in liquid of mutS pooled colonies; lane 5, pTGG 24 recovered from a pool of~500-700 colonies of mut + rec + (JM83); lane 6, pTGG 24 recovered from 24 h cultivation in liquid of mut + rec + pooled colonies.
consistent with a deletion mechanism where 15 TGG repeats had been copied on the lagging strand prior to dissociation of the newly synthesised strand from its template. Reannealing to a sequence downstream of the repeat array would have allowed deletion. This mechanism is very reminiscent of strandslippage from inside a palindromic sequence to a target sequence downstream that has been observed to occur preferentially on the lagging strand (37-39).
Deletions extending into flanking sequence
The frequency of this type of deletion, extending from within the repeat array to a site within the flanking DNA, could be assessed by cleavage of plasmid DNA with EcoRI and PstI. Since the primary repeat array was flanked with EcoRI sites and a deletion removing the EcoRI site 5′ to the TGGs on the lagging-strand template would leave the 3′ EcoRI site intact, a small EcoRI fragment of 78 bp was diagnostic of the conservation of both sites, whereas the absence of such a fragment accompanied by the generation of a 75-85 bp EcoRI-PstI fragment was consistent with a 5′ deletion. This test was used to screen over 100 DNA preparations for the likelihood of 5′ deletions. In six cases, sequencing was used to confirm that the deletions were in the 5′ end of the TGG array and revealed that three to nine repeats had been deleted in different plasmids. As can be seen in Table 2 , 5′ deletions are quite common in all the strains tested. This may reflect the difficulty in replicating this sequence even in permissive strains and a selective advantage of deletion products. The lowest level of deletion products is seen in the recA mutS and recA sbcCD mutants. We have not established whether the stabilising effect of recA is due to the promotion of deletions in a recA + host or a reduction in selective disadvantage of the intact array in the absence of RecA. The latter possibility is suggested by the improved recovery of plasmid in the recA mutS strain relative to its mutS counterpart (Fig. 1A) . In all cases of deletions extending from within the repeat array to a sequence outside the array, the EcoRI site deleted was that located 5′ of the TGG sequence on the lagging-stand template. This strongly suggests that the newly synthesised lagging strand enters the trinucleotide repeat sequence, stalls, dissociates and reanneals downstream in unique DNA, as demonstrated previously for palindromes (37) (38) (39) .
Expansion and contraction instability of the repeat array
In order to assess the contribution of secondary structure formation to instability within the repeat array, we measured array instability using the population method developed by Schmidt et al. (36) . After cleavage with EcoRI and end-labelling, the expansion and deletion products were separated by native polyacrylamide gel electrophoresis. Because of the difficulties in propagating the TGG repeats on the lagging strand template, we chose to examine instability in mutS recA and sbcCD recA strains. In these strains recovery of plasmid is possible for both orientations of the repeat sequence but the predictions for the persistence of secondary structures are different. It is predicted 24 cut with PstI as a marker; lane 2, pTGG 24 recovered from a pool of~500-700 colonies of sbcCD (DL733); lane 3, pTGG 24 recovered from 24 h cultivation in liquid of sbcCD pooled colonies; lane 4, pTGG 24 recovered from a pool of~500-700 colonies of recA sbcCD (DL888); lane 5, pTGG 24 recovered from 24 h cultivation in liquid of recA sbcCD pooled colonies; lane 6, pTGG 24 recovered from a pool of~500-700 colonies of mutS sbcCD (DL905); lane 7, pTGG 24 recovered from 24 h cultivation in liquid of mutS sbcCD pooled colonies; lane 8, pTGG 24 recovered from a pool of~500-700 colonies of mut + rec + (JM83); lane 9, pTGG 24 recovered from 24 h cultivation in liquid of mut + rec + pooled colonies. that in the mutS recA strain, the absence of MutS will remove any stabilisation of folded structures and the presence of the SbcCD nuclease will destroy any secondary structures that do form. In contrast, in the sbcCD recA strain it is predicted that structures will be stabilised by MutS binding and the absence of the SbcCD nuclease will contribute to their persistence. As can be seen in Figure 4 , there is no substantial difference in the overall instability in either strain. Furthermore, there is not a substantial orientation dependence in instability as would have been predicted if TGG repeat secondary structures played a major role in expansion and contraction within the repeat array. The mutS recA strain does show filling-in of the +1 and -1 triplet bands as has been seen for CAG·CTG repeats (36) , confirming that mismatch repair deficiency allows single triplet mispairs to escape correction.
DISCUSSION
In this work we have shown that the propagation of a TGG·CCA repeat tract consisting of 24 triplets is strongly orientation dependent in rec + and recA mutant strains. The orientation that causes inhibition of plasmid propagation is that where the TGG repeat strand forms the template for laggingstrand synthesis. This is consistent with observations in vitro that the G-rich strands of XGG repeats can form quadruplex structures under physiological conditions (27) . We have observed that the propagation of this orientation of the repeated sequence is substantially relieved in a mutS but not a mutL strain. This argues that the presence of the MutS protein (and not active mismatch repair) contributes to propagationinhibition and raises the possibility that MutS binding may promote or stabilise an unusual DNA secondary structure containing mismatches. This structure may be an intermediate in the folding pathway or the final structure itself. A small effect of mutL was detected on segregational instability and may be caused by stronger binding of the MutS-MutL complex than MutS alone.
Propagation is fully restored in a mutS recA mutant, arguing that the RecA protein directly or indirectly contributes to poor replication of this sequence in a mutS mutant. The role of RecA is unknown but it has been shown that TG-rich sequences are preferentially bound by RecA protein in SELEX experiments (40) . TG repeats bind RecA strongly and can initiate pairing with homologous duplex but strand-exchange is substantially inhibited (41) . It may be that RecA-promoted recombination is initiated between sister-strands but cannot be completed and this interferes with DNA replication. The effect of recA can also be seen in the segregational instability detected in a mut + background. Here, both wild-type and recA strains show evidence of very low copy numbers but plasmid loss from the recA strain is lower than wild-type suggesting a slightly higher copy number.
Propagation is also restored in sbcCD and sbcCD recA mutants. These observations are significant since the SbcCD nuclease is known to attack and degrade folded DNA structures in vitro (2) and inhibits the propagation of long palindromic DNA sequences in vivo. The implication of SbcCD in the propagation of TGG repeats is good indirect evidence that they are forming an unusual DNA secondary structure in vivo. The propagation of these TGG repeats in sbcCD mutants that are mutS + and in mutS mutants that are sbcCD + argue that MutS binding favours the persistence of a secondary structure that can be cleaved by SbcCD. It must be the processing of the structure by SbcCD not its formation alone that results in propagation inhibition. The nature of the secondary structure formed is not known but a substantial improvement in propagation is obtained by a deletion of nine repeats to generate a repeat array of 15 triplets. This argues that more than 15 of the 24 triplets in the original array are included in the structure that inhibits DNA replication. Given the strong inhibitory effect of quadruplex structures on DNA synthesis and the observation of substantial effects of length on stability in vitro (27) it is attractive to suggest that this type of structure may be responsible for the replication inhibition observed. Deletions of three to nine triplets at the 5′ end of the TGG strand are common and are presumably caused by the newly synthesised lagging strand stalling, dissociating and reannealing with a sequence downstream of the repeat array as has been shown to occur for palindromic sequences (37) (38) (39) .
The evidence discussed above implies that DNA secondary structures form in TGG repeats when they are located on the template for lagging-strand synthesis and this leads to propagation inhibition that can be alleviated by large deletions. In contrast, small-scale expansion-contraction instability within the repeat tract does not appear to be substantially affected by secondary structure. Expansion-contraction instability is not particularly orientation dependent and is not particularly different in an sbcCD recA mutant relative to a mutS recA mutant. An sbcCD recA mutant is predicted to have substantially more folded DNA than a mutS recA mutant since the former lacks the enzyme SbcCD that destroys structures but contains the protein MutS that binds mismatches and potentially stabilises structures. The reverse is true of the latter.
These results argue for a dissociation between the phenomena of fragility and instability in trinucleotide repeat arrays. Our argument is that the inhibition of propagation that we observe in E.coli is akin to DNA fragility in human cells. The fragile nature of the DNA in E.coli is clearly illustrated by the effects of sbcCD, genes known to encode a nuclease that can attack and degrade folded DNA. The molecular nature of DNA fragility in human cells is not known but a role for nucleolytic degradation of folded DNA has not been ruled out. In contrast, expansion-deletion instability within the repeat array does not seem to be associated with the formation of secondary structures and is not influenced by SbcCD. A model outlining our understanding of these interactions is shown in Figure 5 . It remains to be seen whether a similar dissociation between fragility and instability can be demonstrated in human cells.
The severe problem in propagating TGG·CCA repeats in E.coli observed here and the tendency of this sequence to form quadruplexes that can inhibit DNA synthesis in vitro (27) suggest that this sequence may be intrinsically difficult to replicate. In this context, it is interesting to note that in the human genomic sequence currently available in databases, all the very long TGG·CCA microsatellites that can be found (up to 1 kb in length) are multiply interrupted. In fact, TGG 15 is the longest uninterrupted human TGG repeat sequence deposited in the databases at the time of submission of this paper. It is possible that DNA fragility at TGG repeats has not been detected in human chromosomes because the potential fragility caused by this sequence is so severe that long uninterrupted arrays are strongly selected against. Illustration of how secondary structures may differentially affect genetic instability and chromosome fragility. Small-scale slippages may not be affected by the formation of secondary structures and arise simply through strand-slippage on a repetitive template. In contrast, DNA fragility may arise when DNA folds into unusual secondary structures such as hairpins, pseudohairpins, triplexes or quadruplexes. The ultimate cause of fragility may be site and organism dependent. We have shown that in E.coli propagation inhibition of TGG repeat arrays can simply be caused by the action of the nuclease SbcCD in conjunction with the mismatch binding protein MutS and the recombination protein RecA. The implication of SbcCD nuclease in propagation inhibition suggests a form of DNA fragility that may not be unique. In human chromosomes DNA fragility may also be initiated by DNA folding. This may initiate a series of events such as the repositioning of nucleosomes and may include the action of proteins such as hMsh1, hMsh2, hRad51 and hRad50/ hMre11/Nbs1, the human homologues of MutS, RecA and SbcCD.
